The ion-transfer reaction of local anesthetics at an organic solvent/water interface has been studied using cyclic voltammetry (CV) with a stationary nitrobenzene (NB)/water (W) interface. Procaine and seven other local anesthetics gave reversible or quasi-reversible voltammograms at the NB/W interface in the pH range between 0.9 and 9.6. These drugs are present in aqueous solution in either neutral or ionic form, or both forms. The half-wave potential, as determined by the midpoint potential in CV, vs. pH curves, were determined and analyzed to determine the partition coefficients of both neutral and ionic forms of the drugs between NB and W. The partition coefficients of the ionic forms were derived from their formal potential of transfer at an NB/W interface. The dissociation constants of ionic forms of the drugs in NB were also deduced. A high correlation between the pharmacological activity and the partition coefficient of the ionic form of amide-linked local anesthetics has been shown.
Introduction
Many organic compounds of biological interest or drugs are frequently ionizable and present in either neutral or ionic form, or both forms, in physiological-pH media; a voltammetric study of these drugs at an organic solvent or oil (O)/water (W) interface should give information about their physicochemical properties of biological importance, such as the partition coefficients of both neutral and ionic forms of drugs between the O and W phases. Thus, the voltammetric behavior of procaine, a local anesthetic, at a nitrobenzene (NB)/W interface was first studied by Yu and Wang, 1 and later by Yamamoto et al. 2 and Yamamoto, 3 using cyclic voltammetry. Arai et al. 4, 5 have studied the electrochemical transfer of drug ions, including local anesthetics, such as procaine, lidocaine, tetracaine, benzocaine and dibucaine, across an NB/W interface using polarography with a dropping electrolyte electrode. These authors have also discussed the pharmacological activity vs. the half-wave potential relationship of the drugs. We have developed a more rigorous theory of a polarographic current of organic amine at an O/W interface, and applied it to determine the partition coefficients of both the neutral molecule (amine, B) of procaine and its protonated ion (BH + ) at an NB/W interface. 6, 7 We have further shown that the rate of the protonation reaction (B + H + = BH + ) in the W phase can be determined from polarographic measurements. [6] [7] [8] Very recently, Samec et al. 9 have studied the voltammetric and AC-impedance behavior of the protonated ion of several local anesthetics at an o-nitrophenyl octyl ether/W interface, and determined the apparent rate constants of transfer of the ions at the interface. These authors also suggest that the pharmacological activity of local anesthetics increase with a decrease in their ion-transfer standard potential.
In this study, we investigated the voltammetric behavior of eight local anesthetics: three ester-linked local anesthetics (procaine, tetracaine and oxybuprocaine) and four amide-linked local anesthetics (prilocaine, mepivacaine, lidocaine and bupivacaine) and another amide-linked local anesthetic (dibucaine) using cyclic voltammetry with a stationary NB/W interface. Since the partition process of neutral amine between the O and W phases takes place as soon as the O/W interface is formed, the dropping electrolyte electrode may be used advantageously for measuring the voltammetric or polarographic ion-transfer current of the drugs. It does not seem easy, however, to realize measurements by a dropping electrolyte electrode system with as high a reproducibility as that by the dropping mercury electrode system. Therefore, we have used a stationary NB/W interface and designed what we call a thin-organic-layer cell, which has reproduced experimental data of the desired precision with the minimum volume of organic solvent, as small as a few tens of microliters. Thus, the voltammetric behavior of local anesthetics at an NB/W interface has been examined and analyzed using theoretical equations to give the physicochemical properties of local anesthetics at an O/W interface. It is essential to examine the reversible halfwave potential vs. pH curves to determine the standard potential of transfer of ions at an O/W interface based on voltammetric measurements. The partition coefficients of both neutral and ionic forms of local anesthetics between the O and W phases can be determined from the reversible half-wave potential vs. pH curve. The dissociation constants of the ionic form of drugs in the O phase can also be deduced. The pharmacological activity of drugs is being related to their hydrophobicity or lipophilicity, which is usually characterized by the partition coefficient of the neutral form of drugs between the O and W phases. 10 The voltammetric method is useful to determine the partition coefficients of the ionic form of drugs. The relationship between the pharmacological activity and partition coefficient of ionic form of local anesthetics has also been examined. The results and discussion will be described in this paper.
Experimental

Chemicals
Procaine was obtained from Wako Pure Chemical Industries Ltd.; lidocaine, tetracaine, prilocaine, bupivacaine and dibucaine were obtained from SIGMA Chemical Co.; mepivacaine and oxybuprocaine were gifts from ASTRA Japan and Santen Pharmaceutical Co., respectively. The chemical structures of these local anesthetics are summarized in Fig. 1 . All of the local anesthetics were obtained as their hydrochloride salts and were used as received.
Good's buffers (2morpholinoethanesulfonic acid (MES), 2-hydroxy-Ntris(hydroxyl)methyl-3-aminopropanesulfonic acid (TAPSO) and N-cyclohexyl-2-aminoethanesulfonic acid (CHES)) were obtained from Dojindo Laboratories and used as received. The preparation and purification of the tetrapentylammonium tetraphenylborate (TPenATPhB) and tetrapenthylammonium chloride (TPenACl) and purification of NB used are described elsewhere. 11 All other chemicals were of analytical grade and were used as received.
Electrochemical measurements
The ion-transfer reaction of drugs across an NB/W interface has been studied by means of cyclic voltammetry (CV) using a three-electrode system. The electrochemical cell used in the voltammetric measurements can be represented by Cell I:
In Cell I, B and [B]t stand, respectively, for the neutral form and the sum of B and mono-(BH + ) and di-protonated (BH2 2+ ) forms of the drug, that is, [B]t = B + BH + + BH2 2+ . The polarized NB/W interface, that is, the test interface, is indicated by an asterisk. The compositions of Phases II and IV are identical, and their pH was adjusted by adding a 10 mM buffer; HCl (at appropriate concentrations) for pH <1.90, CH2ClCOOH-CH2ClCOOLi for pH 2.70 -3.31, CH3COOH-CH3COOLi for pH 4.06 -5.51, MES-LiOH for pH 5.98, TAPSO-LiOH for pH 7.00 -7.96 and CHES-LiOH for pH 8.96 -9.60. When Phases II and IV are so acidic that the concentration of B in the phases is negligibly small, the concentrations of the drug were selected to be x = 0.2 mM and y = 0, whereas when Phases II and IV were neutral or basic, where the transfer of B to NB (Phase III) is appreciable, x + y Cell I was adjusted to be 0.2 mM as much as possible.
The applied potential (E) is defined by E = ERE1 -ERE2, ERE1 and ERE2 being the terminal potentials of the reference electrodes, RE1 and RE2, respectively, and is related to the Galvani potential difference across the polarized NB/W interface, ∆φ(≡∆ W NB φ), by
where ∆Eref is a constant determined by the reference electrode system employed. The reversible half-wave potential of tetramethylammonium ion (TMA + ), E1/2,TMA + , was determined to be E1/2,TMA + = 0.369 ± 0.003 V by cyclic voltammetry with Cell I, in which Phases II and IV were replaced by a 0.1 M LiCl aqueous solution and 0.5 mM TMABr and 0.1 M LiCl aqueous solution, respectively. Figure 2 shows a schematic illustration of the electrolysis cell used in this study, which we would like to call "a thin-organiclayer cell". Phase III is a thin-organic-layer (TOL), usually 1.5 mm in thickness, which is interposed between two W-Phases, II and IV. The ratios of the volume of TOL to those of Phases II and IV are adjusted to be approximately one hundredth. When Phases II and IV are neutral or basic, so that the transfer of B across NB/W interface is not negligible, we start to construct the electrolysis cell from W (Phases II and IV) and NB (TOL, Phase III), which contain [B]t and B, respectively, at the "calculated" concentrations when B is at partition equilibrium between NB and W, while the total sum of the concentration of [B]t and B is 0.2 mM (that is, x + y = 0.2 mM). The calculation was carried out using the partition coefficients of B between NB and W and the dissociation constants of BH + in W available in the literature or estimated by preliminary experiments. As soon as the NB (Phase III)/W (Phase II) and NB (Phase III)/W (Phase IV) interfaces are formed, particularly when B is not at the real partition equilibrium, the transfer of B from W (Phases II and IV) to NB (Phase III) or vice versa would start, and would continue until the partition equilibrium between NB and W is attained. The "TOL interposed between two W-Phases of large volume" structure of the electrolysis cell allows one to attain the partition equilibrium of B in a short time, usually within 10 min as estimated by the experimental reproducibility, and also to attain relatively easily the experimental condition of x + y ≈ 0.2
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ANALYTICAL SCIENCES JANUARY 2001, VOL. 17 mM. The surface area of the polarized NB (Phase III)/W (Phase II) interface was 0.126 cm 2 . Cyclic voltammograms were recorded after a correction for the base current with a laboratory-made potentiostat, 11 furnished with a positive-feedback circuit for iR compensation. All of the measurements were carried out at 25 ± 0.1˚C.
Results and Discussion
In CV, procaine gave a pair of cathodic and anodic peak currents in the pH range between 0.91 and 9.60. Figure 3 shows cyclic voltammograms obtained with 0.2 mM procaine in W phase at pH 1.28 and 4.06, and 0.1 mM (estimeted value, see Experimental) procaine in W phase at pH 7.06. Voltammograms at pH 4.06 were analyzed in some detail. The dependence of the anodic peak-current, ipa, on the square root of the scan rate, ν, is shown in Fig. 4 , indicating that the current is proportional to ν 1/2 . Figure 5 shows the anodic and cathodic peak potentials, Epa and Epc, respectively, and the midpoint potential, Em, defined by Em = (Epa + Epa)/2, as a function of ν 1/2 . The Epa and Epc slightly depend on ν 1/2 , which may be attributed to an uncompensated iR potential drop, whereas Em remains constant independently of ν 1/2 . The peak potential separation, ∆Ep, defined by ∆Ep = (Epa -Epc), when the ν is extrapolated to zero, was determined to be ∆Ep (ν → 0) = 0.058 ± 0.002 V. These results indicate that the voltammogram at pH 4.06 can be assigned to a reversible monovalent-ion transfer or one-proton transfer assisted by B at the NB/W interface. 12 From the slope of the plots in Fig. 4 (see Eq. (6) below), the diffusion coefficient of procaine in the W phase was determined to be (5.6 ± 0.1) × 10 -6 cm 2 s -1 .
Essentially the same experimental results on the dependence of ipa on ν 1/2 and that of Epa, Epc and Em on ν 1/2 have been confirmed with cyclic voltammograms of procaine at pH 1.28 and 7.96, except that at pH 1.28 ∆Ep (ν → 0) = 0.065 ± 0.002 V and that ipa (pH 1.28) = 1.43 × ipa (pH 4.06). This result indicates that the voltammogram at pH 1.28 represents a merged voltammogram of two ion-transfer processes that are expressed by BH2 2+ (W) = BH + (O) + H + (W) and BH2 2+ (W) = BH2 2+ (O), in good agreement with the theoretical prediction. 13 The ipa remained constant at a pH of between 1.58 and 6.00 (data not shown). Also, at pH 7.96 ∆Ep (ν → 0) = 0.067 ± 0.006 V, indicating that the voltammogram is of quasi-reversible nature, which could partly be attributable to the limited rate of protonation preceding ion transfer across the interface. 13 At pH 8.96 and 9.60, the voltammograms were also of quasi-reversible nature (data not shown). In conclusion, we consider that the voltammograms observed at pH between 0.91 and 9.60 are of reversible or quasi-reversible nature and that the observed Em's can be equated to the reversible half-wave potentials of procaine at the NB/W interface, rE1/2,BH + 's.
We 
and 
where 0 ci α is the surface concentration of the i (= B, BH + ) species in the α (= W, O) phase. As can be seen in Eq. (5), PE,BH+ is a function of the interfacial potential difference or (zF/RT)(∆φ -∆φ 0 BH +), where ∆φ 0 BH + is the formal potential of transfer of a BH + ion across the O/W (here NB/W) interface and z is the number of change of ion (here z = 1). F, R and T have their usual meanings. Then, the anodic peak current, ipa, is given by 12, 13 ipa = 0.446(zFA)(zFν/RT) 1 
with
where E 0 BH + is the formal potential, referred to as ∆Eref in Eq. Figure 6 shows an Em vs. pH plot of procaine at NB/W interface. The plot was fitted to Eq. (7); c is a straight line with a slope (per pH) of -2.303 RT/F at pH <2.28; d = e is a straight line parallel to the pH axis at 3.86 < pH <5.95; and f is a straight line with a slope of 2.303RT/F at pH >7.78. The pHindependent half-wave potential, that is, the plot d = e, gives E 0 1/2,BH + = 0.266 ± 0.001 V, and the left-hand side inflection point at pH <3 gives p = 2.45 ± 0.01 and the right-hand side inflection point at pH >6 gives pK B1 W ′ = pK B1 W + p[1 + (D O /D W ) 1/2 PB] = 7.07 ± 0.01. Therefore, the partition coefficient of the neutral form of procaine is determined to be pPB = -2.03 ± 0.01 when pK B1 W = 8.98 and (D O /D W ) 1/2 = 0.75 are taken. 6, 14 The solid lines in Fig. 5 are the regression lines based on these values. Since the ratio D O /D W for a given O/W system may be considered to remain nearly constant for a variety of organic ions, including TMA + and BH + ions, we have a good approximation 
where ∆φ 0 TMA + is the formal potential of transfer of TMA + at the O/W interface. Thus, ∆φ 0 BH + of procaine can be calculated to be ∆φ 0 BH + = -0.068 V, where ∆φ 0 TMA + = 0.035 V is taken. 11 Furthermore, the formal dissociation constant of the BH + ion in the O phase, K O B1 , defined by can be evaluated by the following equation:
where [H + ] O is the concentration (activity) of hydrogen ion in the bulk of the O phase and ∆φ 0 H + is the formal potential of transfer of H + ion at the NB/W interface. Equation (11) is readily derived from Eqs. (2) and (5) 
Thus, K B1 NB can be calculated to be pK B1 NB = 13.8, where ∆φ 0 H + = 0.335 V is taken. 15 Tetracaine, oxybuprocaine and dibucaine showed nearly the same voltammetric behavior as that of procaine at an NB/W interface in the pH range between 0.9 and 9.6. However, the ion-transfer potentials of these three drugs lie at such a negative potential that the cathodic peak current, except at basic solutions, were not well defined because of an overlapping of the ion-transfer current with a final increase in the base current. Therefore, their Em values were estimated from their Epa values using the following theoretical equation: Em = rE1/2 = Epa -1.11 RT/zF (here, z = 1). 12, 16 Prilocaine, mepivacaine, lidocaine and bupivacaine also showed nearly the same voltammetric behavior as that of procaine except that these drugs did not show any definite sign indicating a second protonation in the pH range studied, though their Em's appeared to shift to the negative direction at pH 0.9 or less. The Em vs. pH plots of these local anesthetics were determined and analyzed using Eq. (7) in much the same way as stated above for procaine to determine the physicochemical properties of the drugs at an NB/W interface. The results are summarized in Table 1 . The reported values of pK B1 W and p are also included in Table 1 . The ∆φ 0 BH + values in Table 1 
P0,BH+ may be called an ion partition coefficient to distinguish it from the partition coefficient of a neutral molecule.
The pharmacological activity of drugs is being related to their lipophilicity, 10 which is usually characterized by the partition coefficient of the drugs between the O and W phases. For the O phase, n-octanol and alkanes are traditionally used in their lipophilicity measurements, whereas NB and 1,2-dichloroethane (DCE) are mainly used in electrochemistry.
Recently, comparisons of the DCE/W partition coefficients with the noctanol or alkane/W partition coefficients of various drugs have been discussed and analyzed in terms of intermolecular forces in organic solvents. 17, 18 Strichatz et al. 19, 20 have extensively studied the partition coefficients of local anesthetics between noctanol and aqueous buffer (0.15 M NaCl + 5 mM good buffer) using the flask-shaking method. Figure 7 shows the pPB (noctanol/W)-values reported in Ref. 20 plotted against the pPB (NB/W)-values obtained in this study of four amide-linked local anesthetics (Table 1) . A good correlation is obtained, indicating that the NB/W system may be used as effectively as the noctanol/W system to evaluate the lipophilicity of a neutral molecule of local anesthetics. The authors have extended the 69 ANALYTICAL SCIENCES JANUARY 2001, VOL. 17 flask-shaking method to determine the partition coefficient of ionic species (BH + ) of local anesthetics at n-octanol/W interface, P + , 19, 20 in which, however, the electric potential difference across the n-octanol/W interface was not controlled, nor defined. Therefore, the reported P + -values should be considered to be dependent of any coexisting anion, probably chloride ion in this particular case, and not to be physicochemical constants. An electrochemical or voltammetric method can provide an accurate determination of the partition coefficient of an ionic species or an ion partition coefficient of drugs at an O/W interface.
Strichartz et al. 20 20 It is believed that the BH + -ionic form of a local anesthetic is the active form which interacts with some action site in a nerve cell. 22 The hydrophobicity of an ionized drug may contribute to the pharmacological activity by either increasing the accessibility of the drug to the site in the membrane through increasing the membrane concentration, or by increasing the actual bind to the site, or by both.
Conclusion
The ion-transfer voltammetry is useful to determine the partition coefficients or lipophilicity of the ionic form of drugs between an organic solvent, such as nitrobenzene or 1,2-dichloroethane, and water. The partition coefficient of the neutral form of drugs can also be determined by ion-transfer voltammetry. Furthermore, the dissociation constant of the ionic species in an organic solvent can be calculated. The lipophilicity of drugs in their ionic form, as determined from their standard potential of transfer at organic solvent/water interface or the ion partition coefficient of drugs between organic solvent and water, may provide a new approach to studying the mode of action or the quantitative structure activity relationship (QSAR) of drugs.
